Abstract-TV White Spaces technology is a means of allowing wireless devices to opportunistically use locally-available TV channels (TV White Spaces), enabled by a geolocation database. The geolocation database informs the device of which channels can be used at a given location, and in the UK/EU case, which transmission powers (EIRPs) can be used on each channel based on the technical characteristics of the device, given an assumed interference limit and protection margin at the edge of the primary service coverage area(s). The UK regulator, Ofcom, has initiated a large-scale Pilot of TV White Spaces technology and devices. The ICT-ACROPOLIS Network of Excellence, teaming up with the ICT-SOLDER project and others, is running an extensive series of trials under this effort. The purpose of these trials is to test a number of aspects of white space technology, including the white space device and geolocation database interactions, the validity of the channel availability/powers calculations by the database and associated interference effects on primary services, and the performances of the white spaces devices, among others. An additional key purpose is to undertake a number of research investigations such as into aggregation of TV White Space resources with conventional (licensed/unlicensed) resources, secondary coexistence issues and means to mitigate such issues, and primary coexistence issues under challenging deployment geometries, among others. This paper describes our trials, their intentions and characteristics, objectives, and some early observations.
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The rules for TVWS in the UK/EU are very different from those in the US. In the US, a fixed maximum power (EIRP) is assumed for all WSDs, as authorised to transmit by a geolocation database (GDB). This fixed power has the benefit of providing more certainty on the performance that will be achieved by the WSDs as experienced by the end-user, however, its high (fixed) value vastly increases the number of locations for which unacceptable interference would be caused to the primary service in a given channel. This constrains the locations in which WSDs are allowed to operate for a given channel, or conversely, the number of channels that can be used at a given location.
The UK/EU rules, on the other hand, allow the GDB to decide on the maximum power (EIRP) that a WSD can use in a given channel and location. The UK/EU rules do this based on information that is inferred about the WSD in its request to operate at the given location, such as on its spectrum mask class of performance (this is inferred by the GDB based on its conveyed model number), elevation, and other characteristics. The GDB calculates the power that can be used in each channel based on its implied interference to the edge of the primary service area, under the assumption of a given interference limit plus a protection margin for the primary service at that edge of coverage. Under the UK/EU rules, it is therefore likely that WSD will be allowed to operate in far more locations for a given TV channel than would be the case for the US rules, albeit likely at far lower allowed transmission EIRPs in those locations for which devices would otherwise not be allowed to transmit under the US rules. Further, lower quality hence cheaper WSDs with less challenging RF spectrum masks can be used under the UK/EU model, through their allowed transmission power being reduced to take into account adjacent channel interference implications of their lower-quality spectrum mask Class specifications.
Under the UK/EU rules, embodied in the device requirements of ETSI 301 598 [5] , the Ofcom Pilot aims to serve a number of purposes:
• Provision a proof of concept of the TVWS framework.
• Provision of a step of verification before full-scale TVWS operations start.
• Involvement of the regulator, industry, and end users in the process, such that the interactions between the relevant stakeholders can be verified.
The Ofcom Pilot also aims to test several aspects, such as:
• Device operations.
• Database contract qualification.
• Database operation and calculations.
• Ofcom's provision of the qualifying database listing.
• Ofcom's DTT calculation results and provision of Programme Making and Special Events (PMSE) data.
• Interference management.
• Coexistence.
In practice, this further includes verification of a number of aspects, such as the methodology for testing of the WSDs RF performances, the methodology for testing of their interactions with Ofcom's "database of GDBs" and selection of the appropriate GDB to use, the methodology for testing of WSD interactions with the GDB (including aspects such as security of interactions), the methodology for testing the correct operation of WSDs (e.g., RF channel/power settings based on information from the GDB, ceasing to transmit when communication with the Ofcom "database of GDBs" or the GDB itself is not successfully carried out, changing of RF channels and powers if necessary, in response to changed information from the GDB, etc.), the methodology for monitoring interference levels and the correctness of interference levels around deployments of WSDs under the Ofcom Pilot, the assessment of any possible effects on primary services, and verification of security precautions, among other aspects. The correct performance of all of these elements is essential to the assurance of the viability of the wider picture of TVWS technology and the confidence that the regulator is able to authorize a move of such a technology to commercial use within its domain.
Our trials within the Ofcom Pilot are the subject of this paper. Some of our conformance testing work is described in Section II, and our range of WSDs is described in Section III. The locations that are being investigated are in Section IV. Section V discusses the deployment and performance testing scenarios, and research topics that we are investigating. Section VI concludes.
II. CONFORMANCE TESTING
Ofcom, as a key purpose of the trials, is perhaps most interested in testing the validity of the underlying TVWS technology (e.g., the GDBs and interactions thereof) and the conformance of WSDs with certification requirements. This serves the key interest of the regulator in ensuring that the spectrum of primary services is adequately protected.
It is a requirement for all triallists participating in the Ofcom TVWS pilot to certify their devices are performing according to ETSI 301 598, both in terms of RF aspects and in terms of logical aspects such as communication with the GDB and appropriate setting of parameters in accordance with responses from the GDB. Reaching even beyond such requirements, our trials have very strong capabilities and are undertaking a range of work for such conformance testing.
A wide range of equipment is available for conformance testing as a part of the ICT-ACROPOLIS led trials. Some of the equipment, in particular the Rohde and Schwarz FSV series of spectrum analysers, for example, available at King's College London and at the Joint Research Centre of the European Commission, is able to perform measurements such on Adjacent channel Frequency Leakage Ratios (AFLR) directly, as configured by the user. This is a useful option to confirm performance in terms of the spectrum mask ("Class" of device, as specified by Ofcom/ETSI) and compare with the ETSI 301 598 specified procedure, noting that ETSI 301 598 specifies that the spectrum analyser should merely be set to sweep the spectrum and output the observed values at a resolution bandwidth (i.e., in chunks) of 10 kHz, which must then be manually processed to assess the RF performance of the WSD using a more complicated procedure. This procedure means that, for the purpose of conformance assessment of WSDs, the key parameter of interest is the sensitivity of the spectrum analyser (aside from other more obvious important parameters, such as accuracy and distortion performance, and ability to set the resolution bandwidth (RBW) correctly to 10kHz, among others). In practice, maximum input levels to most spectrum analysers, in conjunction with RF output levels of WSDs of typically much less than 30 dBm, mean that only minimal attenuation, or in some cases zero attenuation, is necessary-implying that the dynamic range that the device is capable of is usually less of a consideration. It should be noted, however, that increasing attention on the input also increases the noise floor in equal measure, so the dynamic range is sometimes of a limited consideration, dependent on the sensitivity of the analyzer. Further, it is noted that the ACLR measurements for performance Classes 1 and 3 are very challenging, typically requiring a high sensitivity spectrum analyser to measure down to -84 dB from the power in the intended channel.
In terms of RF performance, Ofcom/ETSI specify 5 performance classes (Table 1 , see p. 15 of [5] for more detail). These performance classes compare power in the intended channel of width 8 MHz with power outside of the intended channel in 100 kHz chunks, and specify requirements in terms of the intended channel emissions ±1, ±2, and ±3 channels, with limits further out from ±3 channels being equal to those for the ±3 channel. The measurement example in Figure 1 , performing the ACLR measurement directly on the spectrum analyzer for a limited subset of the 100 kHz bandwidths in the adjacent channel as opposed to the procedure specified in [5] , shows one clear example of one of our WSD achieving Class 3 performance for the adjacent channels (i.e., ±1 from the intended channel). This same device was ascertained to easily meet Class 1 requirement in terms of ACLR for channels ±2 and ±3.
It is noted that Ofcom also specifies stringent requirements for assessment of emissions outside of the TV bands, i.e., outside of the 470 MHz to 790 MHz for the range from 30 MHz up to 4 GHz. Importantly, these are fixed for all devices and not dependent on different classes of performance. Our trials have assessed such emissions and found devices to be generally compliant, however, there can sometimes be issues with conformance close to the edges of the TV bands if the WSDs are transmitting on the TV channels closest to those edges. Practically however, all of the WSDs we consider have their upper frequency limit some distance away from the 790 MHz upper end of the TV spectrum in the UK-this is most commonly because they were originally developed for operation in other countries such as the US and Japan with different ranges for TV spectrum.
III. TV WHITE SPACE DEVICES
Our trials have amassed a wide range of devices for use. These include:
• Three different forms of WSDs created by collaborators at NICT, Japan, namely: o 2 IEEE 802.11af high-power variant WSDs (see, e.g., [7] ). o 3 IEEE 802.11af low-power variant WSDs [7] . o 3 TD-LTE base station and 3 TD-LTE terminal WSDs (see, e.g., [8] ).
• At least 3 WSDs that are based on Eurecom ExpressMIMO2 software radios [9] , driven by OpenAirInterface LTE-MBMS waveforms (and perhaps, at a later stage, IEEE 802.11af and other waveforms) [10] .
• Carlson RuralConnect devices [11] , comprising at least 2 base stations and 5 consumer premises equipment, which use a proprietary waveform.
• A number of KTS/Sinecom Agility White Space Radio [12] WSDs, which use a proprietary waveform. Figure 2 depicts some of the devices that are used in our trials.
Particularly discussing the ExpressMIMO2/OpenAirInterface solution in Figure 2 (a), this is notable for achieving Class 1 characteristics, the only WSD participating in the Ofcom Pilot that we are aware of that achieves Class 1 (all other WSDs achieve somewhere between Class 3 and Class 5, with the achievement of Class 3 by some of them being debateable). Eurecom with KCL have set out from the start to achieve a Class 1 LTE base station, where a number of challenges have been realised in that process, highlighting the difficulty that manufacturers will face towards [5] .
such ends. As a first issue, achieving the required linearity of amplification over a high peak-to-average power signal such as LTE is challenging, in our case requiring a custom-made amplifier to be developed that has an extremely large back off which can hence can remain linear enough at the required signal levels to achieve amplification without degrading to Class 3. As a next challenge, minor spurious emissions were witnessed from the ExpressMIMO2 card, in approximately the range of 400-600 MHz, immediately reducing the solution once again to Class 3. To overcome this, it was decided to produce the pre-amplification signal at a higher frequency, then filter it with a very precise band-pass filter, then downconvert the resulting signal to the intended TV channel using an additional RF chain on the ExpressMIMO2 card as a Local Oscillator (LO), noting that the ExpressMIMO2 has 4 RF chains each of which are both transmit and receive. This was still found to not achieve Class 1, due to the characteristics of the LO. Hence, finally, it was decided to use dedicated hardware for the LO, controlled by the PC hosting ExpressMIMO2 and running the OpenAirInterface LTE waveform. This solution just achieves Class 1. It is noted that the down-conversion process produces an image of the signal at the frequency of the difference and the sum of the LO and generated signal frequency, however, the sum image is filtered out by dedicated filters within the custom-made amplifier.
A further observation that has become apparent in developing the ExpressMIMO2-based Class 1 solution, and in testing the other equipment, is that the devices typically will easily achieve Class 1 performance at ±2 and ±3 or more from the intended transmission channel, even if they only achieve Class 3 performance at ±1 from the intended channel. In fact, our trials have discussed the value of Ofcom maintaining the Class 2 specification, which seems to not easily match to any typical WSDs that are currently being developed. One recommendation that our trials therefore have is that the Class 2 specification be adapted to better suit some WSDs and therefore allow the WSDs to take advantage of more spectrum opportunities and/or higher powers through achieving operation at Class 2 instead of Class 3.
IV. DEPLOYMENT LOCATIONS
A key consideration in the TVWS Pilot is to investigate performance at a wide range of locations. Given that our ICT-ACROPOLIS led trials are driven by academics and researchinstitutes, a very large number of University campuses are being taken advantage of for usage as a part of the trials. These include:
• Numerous locations at King's College London campuses, including the Strand, Waterloo, Guys (London Bridge), St. Thomas (opposite Westminster), Denmark Hill, and Hampstead Campuses, possibly in addition to others available to King's College London.
• Further, sites at: Importantly, these locations range from some of the most challenging that it is possible to envisage for operation of WSDs in the UK, such as at the Strand, close to perhaps the most extensive licensed PMSE usage in the world through West-End theatres, concert halls, television studios, etc. (indeed, due to the challenges it is aimed for such locations to be a longer-term objective, to avoid PMSE interference risk as Ofcom finalizes its rules), to far less busy cases such as at the University of York with a large coverage of a mainly rural, low population-density area-particular in the South-East direction from the campus. Moreover, rooftop sites at numerous locations, including the Strand, Waterloo, Denmark Hill, Queen Mary University of London, and others such as the aforementioned University of York, allow for both the investigation of relatively large-area provisioning in TVWS, and the option of point-to-point links, for example, to provide enhanced backhaul. One such example of a direct line-of-sight point-to-point link that our trials are investigating is between a rooftop site at the King's College London Denmark Hill Campus in South-East London, and a rooftop site at Queen Mary University of London in East London, covering a distance of approximately 7 km.
In addition to the wide-area coverage and point-to-point scenarios involving rooftop transmissions or installations, it is noted that numerous other likely scenarios for WSD deployment are covered by our trials and the range of locations available, including indoor coverage and indoor-tooutdoor coverage with a range of building characteristics, and of course a range of building characteristics and geometries with which to study outdoor-to-indoor coverage provision.
V. DEPLOYMENT AND PERFORMANCE TESTING SCENARIOS, AND RESEARCH TOPICS Our trials are investigating a large number of deployment and performance testing scenarios, attempting to both play to the strengths of the wide range of WSDs that we have available, and to test a diversity of challenging cases for WSDs deployment. The following scenarios are anticipated:
• LTE Multicast/broadcast (eMBMS), using the Eurecom ExpressMIMO2/OpenAirInterface SDR equipment/software, and extensions to that. A range of transmission coverage scenarios will be investigated, from wide-area rooftop to relatively limited area (indoors or ground level), dependent on the deployment locations and associated characteristics.
• TD-LTE in TVWS, using NICT LTE WSDs. Moderate coverage ranges are anticipated to be investigated.
• Broadband for Public Protection and Disaster Relief (PPDR), LTE+TVWS, using Carlson Wireless WSDs. o This case also involves the investigation of point-to-point links in TVWS, as might provide emergency backhaul in PPDR scenarios. o A further case, video surveillance using Carlson WSDs, is also being investigated.
• WiFi in TVWS (802.11af draft), using NICT devices.
It is an aspiration of the Eurecom OpenAirInterface software to also be enhanced to support this, although uncertain whether that will be achieved. o Conventional wireless local-area coverage using low-power WiFi, based on NICT devices. o High-power WiFi for direct point-to-point links, again serving PPDR among other scenarios, based on NICT devices.
• M2M implementations, using KTS/SineCom devices. More specifically, smart city-wide networking based on those devices.
• Broadband provisioning using KTS/SineCom devices and Carlson Wireless devices.
Being driven by academics and research institutes, a very strong emphasis is put on the research elements of our trials. The research studies that are being undertaken include:
• Solutions for Aggregation of resources/links (TVWS with licensed and unlicensed ISM, and within TVWS). o Qualitative and quantitative performance surveys.
• Secondary coexistence (e.g., LTE with 802.11af in TVWS).
• To undertake studies and surveys on the performances achieved, e.g., in terms of interference to primary TV services and PMSE services, and secondary performance through objective user opinion polling.
VI. CONCLUSION
The Ofcom TV White Spaces (TVWS) Pilot represents an important milestone in the realisation of TVWS technology. This paper has described a range of trials that are being undertaken in this pilot by a consortium led by the ICT-ACROPOLIS Network of Excellence. Numerous aspects have been described, such as conformance assessment, the white space devices that will be used, locations, deployment scenarios, and research investigations to be undertaken, among others.
